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25 % 1. INTRODUCTION oot
> . ) - . ‘.t!f.{:‘
. A. Pu-pose 2rd Scope of Project R0
- -
. - . .
< . This program is aimed 2t the development of 2 high streagth, i ."’{5.3
s lightweight, titanium alicy pressure vessei, cf the type used . ’
- /] for solid fuel rocket motor cases. B-125VCA titaaniam alloy T

;".:. ~ S has been selected for farther investigation because of its - - -

By inherent high streath, its potential of reliadly exceeding the ) .

‘\";-: . yield sirengih/?zamty ratio of 1,003, 000 inches aad the possibility |
g . of reaching 1,200,000 izches. The main problems invcived in its

‘ _" application include the development of Sxbrication techriques tn -

P2 ) ) ] achieve coasistertly high sirength levels along witk the most i

o ecoaomical use of material. Lo

- - K

2 2

: I B. - Background Infiormatien -

.'::;. . ¥ ) » ..;:

" Previcas research a=d feasibility testing condacted by Pratt & ==

o ] ¥hitney Aircraft Division have indicated that B-120VCA titamum { L. -

Nl " aiioy is an excelleat material for lightweight rocket motor - 3=
.::\: - cases. Evidence was accumaiated that its properties couid de - -

R M improved, as weii as the teckniques used in fabrication. This o

“,\::\ -.:: atloy caontains thirteen per cent vanadiem, eieven p=r cent :::.'.

Sadh . chromium, and three per cent alcminum. I the cold-worked and E“‘

] aged condition it has achieved the highest strength/weignht rafio AL
- of ali metals that have been used for rocket motor cases. Work ;’:""
- at Prctt & Whitaey Aircraft Divisica kas demonstrated that {_-.::
o this alloy may be fabricated into smali pressure vessels with ) - e
- yield strengths abave 180,000 pcunds per square inch. At -
= thig stresz levei the material has a strength egcivatent to : o=
. 223, 000 psi in low ailoy steel at the same strengthjdensity N
ratic. E-120VCA titanium alloy has also dispiay=d excelleat . - =
o corrosion resistance o salt spray envirooment at the 160, 000- -
R 179, 000 psi yield strength level, an important consideration - - .
N where long time storage is involved. o
C. Scbject Matter Covered in This Report . L

N

- .. *
. The work planned on the varicus phases of the program is N
.. cutlined and the results of all current investigations are g
. . reported. Thesz results include the fellowing: - 8
- :_.

- -
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" The above results are discassed and tentative conclcsions drawa. i - .

- | T X

(i

"

Teasile tests, chemical analyses. and micre-
examination of press-forged pancake DGT-2,

X
"
{ S

.
57

i)
by

ey
\

Techniques for hydrogenation of B-123VCA
sheet stock, : .

’y
X

\J

"

Fractare tcughiess (G aad modified Chazpy
_impact) tesis of forty-inch diameter flow-turned.
cylinders, R >

i

f’a
"' ¢

-
'y
.'

X-rav diffraction stodics of cold-ralled sheet stock -3 -
ard flow-turned material, :

)
.
o 8,

.';:
)

g

[}
O.I

Watel el

Tensile, bend, and fracture tocghness (Gc)
tests of tungsten-inert-2as and electron-beam
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. 11 PROGRAM PLANNED _ : - 354
The following program is planned at the prese=t time and is subject e,
to revision as the development progresses. Major emphasis will 555,
be directed to the stady of metailurgical factors which inflrence i
material behavior 3uring forging, flow-turniag, heat treatment, ‘ta.d .

welding. Tbe resaits oi tars study will be 2pplied to the achieve- e
ment of reliability in {nll scale componests at the 180,000 psi yield ) :l::-::'
strengih level with the most economical use of material. Tke -ﬁ'-"
feasidility of extendiag the reliable yie!d strength level to 290,000 R 2

Psi will aiso Lo determined.

As a resclt of delays and the revised pace giver to the program, it
is row apparent that it cannot be completed in the time cailed for by
the contract., This maiter ~nd the possibility of an extension will be
discussed in rmeetings with the technical supervisor. The status of
the material to be used in the prozram is outlined in Table L

.
'y
Hrad-
N
»
o,

!y
’

AL

v

.
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it
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A. "Effects of Iaterstitiais _ - - -

e
[
h)

7
‘I

oM
[ 1N

| 3

.

.I
"

.‘

Tae effects of hydrcgen content on delayed ‘cracki:g and
stress-corrosicn are to be studicd, with emphasis om

‘o
»
+

tke flow-turned mate rial ased for the cylindrical section o
of rccket cases. The present PWA specificatica calls t—}:“
for a maximam hydroger content of 0.615 per cent. I
When a aztisfaciory hydrogenaiion tecknique has been ::"{‘

develsped a limited hydrogen prograrm will be conducted first
oa sheet stock. The materiai wiil be reduced fifty per cent by
multiple-pass cold-rolling, hydrogenated to a level of 200 ppm,
2nd azcd 19 a yield sirength of 1BC, 00 psi. The aging heat
treatment at 300F shoald act also as a diffusion heat treatment
1D eliminate aay gradient in hydrogen content caused by the
hrérogenation process. Smooth and rotched (X;=8) tensile -
specimens will be tested at five termperatures between ™= 35F
and 4COF. Smootk and notched specimens will be tested at

the standard strain rate (9. (05 injfin/mina} and the remaining
notched specimens wili be tested under sustained load.
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- It is expected that this initial program will establish . %!5%:4
g, . test techniques, give an insight into the efiects of ::.-;‘::
‘;: A test temperatare, 2nd aid ia fixing the scstained-load . &:.:}:
G - stress levels, as well as determining the effect of E'qg‘-.
' > hydrogen on delayed crackiang. ,“:E‘
‘ ~ -
1 \: The effects of oxygen content on aging respoase, notch %.}'fe
S ~ sensitivity and stress-corrosion will be evaluated using 23N
e N aine press-forged pancakes. The oxygen levels being M
W ~ iavestigated are 0.18, 0.15, and 0.2% per cemt, the }-
‘.‘ i N hydrogen and nitrogen coatents being maintained at . . ;_.:ﬂ
- G.015 and G.02 per cent respectively. After Wyman- . R
- - Gordon kas determined the aging fesponse of the taree oo
. N pancakes forged with differeat oxygea contents, smsoth e
o - and notched tensile testiag will be conducted at the -
o < 185, GOU and 200, 000 pai yield strength levels. Stress-corrosioa o
2 " testing with sait soray will aleo-be conducted om this material SRS,
- - at the same strength levels. Additional pancakes with varying : . L_
- - . oxygen contents witl be press-forged in sets of three, depending s
::: - " upon the resuits obtained with the first three. B - :-:.‘_-:.
| “ - B. Forging Practice . ) :._';-;
s-:: - ’ The primary aims of the forzing ‘portion of the program are ) e
N :} tc improve the strength and uniformity of end ciosures Ef:}
.::: - ard to achieve more economical ase of material. Rt o5
T - is expecied that thess objectives wiil be attained dy : - - ?.‘}:‘
".‘:‘ - contour-forging of besses, by reduction in wall thickness, e
ot and by controlling finishiag temperature o as to retaie - -
..:_: the maximum amoarnt of cold work. NN
:}:' 1. Press Forging : ;'.:-‘.:
) Four pancakzs 0.5 x 15 inches have been forged in e
‘ open dies by Wyman-Gordoa at two forging temperatures L
and at high and low strain rates. Four additional .
pancakes may be upset 2s duplicates or at cther 'r'_:.
comhinations of temperatare and strain rate, Jdepending RN
upon the results of evaluation of the first seriea. -
The resalts of this work will be applied to the develop- 1
ment of closed-die forging of fourteen-inch Gameter E—
domes by the "dogbooe™ technique. Forty-iach €
diameter front closures will be forged by this trchaique :::.:.‘
|

v -(1-‘=?):%‘w g B Shas e ae,

T -~ —p




£,

LA

o KW

P, O,

" e

2R

(IO
.'.'l .! .l

. -
o o0

~

o,
U

‘l

P "y -
DU
0 0

'S A

2 ¥2%2 "%, -
A
Ly 4,

F e ¥ v
Tef0%0 s
s g %e’ '.

. 8 -
NCNCR AT
U 4

- =
Q._

ALY

had
-
-

>

IS

)
‘e e 'w,

.
LA A I

’

(O] [
. t
oo

o)y, e,

Y e T Te e
Pl

e

-

-

RN TR e A A

nl

Ry S SLA TS T A T RE By AT AR RS T I R e T D diT e

B ATT B RNINT P ANCOMPT

- T PWA-1733

ii subscale results indicate t!:is to be the most _
promising {orging method, ) : - .

Hammer Forging T ’ - .

Two of the four pancakes | x I8 inches 10 be .
upsel by Ladish wili be hi mmer-forged in o
closed dies. Txke initia? bilie: breakdowe for

the first two pieces will be performec at 1900

aad 2000F, and fina! forging will be completed

at 1700F. The other two pancakes wiit be

forged as duplicates or at an intermediate
temperature. The latter pancakes will contain

an offset boss so that fourteen-inch diameter
domes can be produced if desired. Forging

will begin durivg February, 1961, Full scale’
front closures will be forzed by this techaique

if meckanical property evaluation of the above
subscale pancakes and dormres it more premising
than the press forging results.

Rirg Rolling

Ladish will conduct ring rolling stadies ou six
fonrteen-inch diameter rings. An additiomal
tix rings will de fabricated for flow-turcing
cdevclopment. The first four pieces will be
forged as foligows:

Biliet Upset Ring Rolling

riece Temperature Temperataure

H 1800F 1800F

2 1800 1900

3 1800 2000 .
L | 1700 To be based on

preceding results,

These four rinas will be railed during February and
wiil be sectioned for evaluation of mechanicai properties
andé micrcestructure. Two additional rings will Le rolied
as duplicates cor at intermediate temperatures depending
upon the above resultls.
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- J The doflinz iecknique which develops the best micrestrac~

N ture and mechasiral pronerties after ring rotling and flow-
tarniag wili Le apsiicd to rolling the femaining six rings . |

- - to b¢ used for fiow-turning dcvelopment. Sased on these 3

3 resulis, seven forty.inch diameler rings will be rolled )

< . uader optimam condiunous, Oace of tiese will ke sectioned

:: for evaluativa and the others:flow-turrned for evaliation

and possible use in rocket cases. is addition, fuit seale. .-
. rear closar.s wili be :abricated by the ring-rcclling :
- techoique if subscale resalts are satisfaclory.

. C. Fiow-Turring Developmeat : .
The twelve fourteen-inch diameter roll-forged rings Qabricated . B LAY
Yy Ladisk will be {low-turned. The first four or possilly six E’ -
of these rings will he fow-turned using the best presant tecirique Foog
The remaining rirzs will Le used to investigate major flow- | IR

- turning parameiers such 25 tle mandrel rpm, rate of rotler
:ravel axially, arnd per ~ent reduction per pass. The cylinders
resulting {rom :his wark will 2e explored for mecharical
properties vith empaasis on fracture toughness. The cylinders
3 will be nzed o deiermiac the effect of 200 ppm of hyirogea o
- delayed cracting. X-ray diffraction studies will de zonducied
) to delermine the effect of she varicus flow-turning paramelers
on degree of preferred orientation 2nd hence on directioaality
of mechanical properties. Forty-inck diameter rings will be
flow-turaed afzer the smzll scale work has progressed suffici-
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D. Weid Development . . . ;‘{::.::
The weld development work is aimed pramarily at improving . ;.ii?;

the fracture tocgbaees of welds in B-120VCA titaniom alloy. K-

Fracture loughness testing of TIG welds by Pratt & Whimey
Aircraft Dirision and by tne Naval Research Latocratory has -
show low G¢ values. The initial v-ork wili be on establishin, the
best fracture toughness test technique and on the evaiuation of .
the electron-beam ‘velding process. Techniques for weld repair e
will also be investigated.
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E. icialicgraphic Studies

el
)
l".

lv

Light microscope examination of flow-turned material, forged
end closcres and TIG welds has show= rariations ia structure and
grain boundary constituemt which are believed 10 be associated
with poor mechanical properties and with unsatisfactosy behavicr
during fabrication. Representative samples of the above will be
analyzed at Battelle Memoriat Institute by electron microscopy
and by micraprobe techriques.
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Ii TEST RESULTS

A Meckanical Propertics of Fast Forgings . 7 - .

An extensive survey of the teasiie -properties. compo3sition,
. ard microstructure of Wyman-Gordon press-forzed pan-ake
DL T-2 has been cerrducted to determine the extent of and the

reasons for variations in yield streangth with respect to the f.:-;.:
original billet center. This pancake was forged from half g 2

»
]

aya
’,

of a billet which had been split longitedinally sc that after
forging the original billet center was lacated at tae periphery
of the pancake. Pancake DGT-2 was chosen for exaiminatios
from a group of three because it had received a double upset,
it represented the larger {fourteen-inch diameter) billet
stock, and it had shown considerable variation ia yield
strength in the preliminary testing. It was comsidered that
the double upszt would be more representative of fall scale
end closures thar the single upset, and-that the larger billet
diameter would be more linely to reveal any effect of ron-
uniformity in the ingot. ’
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Duplicate sluzs were cut from DGT-2 in twenty-seven locations
across the pancake diameter. These locations represerted the
top. ceater, aand bottem of the pancake, and radial pésitions ex-
teanding from the original biilet center :Grouga the pancake center
ts the original pascake surfzca. The slugs were aged at 900F
for 96 hours, mach.ned into rcand tensile specimens, and tested
at room temperaturé.. The tensile properties and specimen
locations are shown ie Table II. There was coasiderable
variation in yield strength with a tendency for higher values
towards the billet surface 2s compared to the billet ceater, The
yield streagth and radial’location are plotted ia Figure 1. A
statistical analysis of variance has established that there is a
significant trend in yield streagth, increasing from the original
billet center to the billet surface. There is ano question that the
exceptionally high yield strength adjacent to the billet surfaze

is the greatest factor in producing this trend (Table H).
Thickness measurements of the panczke have shown a defirite
difference in thickness at the original billet cester from that at the
billet susface. the biilet surface location being the thinzer by
about 0.100 inch. This thinning could indicate 2 greater
reduction aad morc work curing forging, thereby locaily
increasing the aging response and yield streagth.
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There was also a significast variation in tensile ductility
with location byt this variation did not cerrespond to the
.differeaces in yield strength. Most of the specimens sRowing
low eloagations came from the paacake center and were .
associated with coarse graia size (Figure 1}. Meisl fiow im” A
this area is more restricted than in tke periphary of the

pancake and higher temperatures would be expected.

Coarzer grain size 2t the ceater of the pancdke is indicative of
less work, coupled with a higher finishing temperature. A

few scatterzd areas cf low clongation were evident away from .
thz pancake cenler {Table {i}. These low elcngations are -

/A

gencraliy attridctable to forging practice 2a3 are not believed Vo
to be relaied te location in the criginal biliet. Fo
' .

1
LI |
“‘l‘ .n‘ ’

Freguency distribution glots of yield streagth differences .
tween duplicate specimens for pancake DGCT-2 and cold-
roiled and aged B-120VCA shee? stock are saown in Figure 2.
These plots show that the differeances between duplicate
specinwens {rom paacake DGT -2 are apparently within normal
test scatler as judged by the sheet stock distridution. The
average differen<es were very ciose: 3.17 ksi jor the sheet
stock and 3.1% ksi for pancake DGT-2.
it was felt thai oxygzen content woulé Y2 the nwiost prodacie comp.’
.asition factor influencing the oSserved differences in yield !
sirength Higher oxvgen contenis woald be expected as the
srigimal billct surface. Oxygen is an aiphz stabilizer and it is )
tnown to have a strong influence on the aging response of this
alloy. The data mcasured oa pancake DGT-2 at Kymaan-Gordon
shows that the observed trend in yield sireagth is evidext alter
aging at 9GOF for 21, 48, and 72 hours, as neil &s aflec aging
at SOOF for 90 hours. Aging curves for varioas lecaiions are
shown in Figares 3, 4, and S. The yie!ld sirerngih 2t virious
specimea locations is ploited in Figure 6. To egiadlisha
possible correlation between yield sirergih and exygen contear,
samples from ike teasile specimens at 2!l twenty-s>ven locations
on the pancake section were anslyzea with the resolts shown in
Table 11, A statistical analysis has shcewsn no correlatioc
betwcen these valies of oxyger conieat and the yvield streng.h
variations. The specimens which had low tensiie elongation
were comgpielely analyzed for composition with the resclts
shown in Table I7I. There appeared to be no consisteat relatica
belwecn variation in any cow.positiun clement and ductility.
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Rz .S % bas been reported by the AD Hoc Committee en Ch--mical
A Analysis, Titanium Alloy Sheet Rolling Panel, Orduance
"? . ) Materials Advisory Board, that the consistest determinatioa .
= ;; - of oxygen content in B-120VCA titanium alloy is exceptionaily .
t}‘ > difficuit. The dala prescated ia the committre’s report was
;33: - . accurmulated from varicus facilities using differect analysis
) K- techniques oa standard material samples. Material samples
; of the type used have been procurcd from Watertown Arsenal -
:,:‘ . 1 Ztoratories and are being analyzed to compare results with N
s < those of other facilities as to magnaitude aad variation of oxygen ;..;-‘,
e - content. It is possible that a correlation between vieid strength ;-:{?
‘,:-:: > and oxyzen content of pancake DGT-2 has beea hidden by i:.f_-
“:’ -, inconsistencies of the analyticai method. - S : :’:'..:7:
= y
;:: g ) - Microexamiration of pancake.DGT -2 in both the as-forged and the 3
S . forgec-aand-aged conditions has shown conziderable variation ".'_-::
RN :‘_ - in grair size, amount of 2pparent workiang, ané degree of E}}“
::;: recrystallization, as stated in the first quarzrterly report (FWA- ’{::
= b . - 1897). Thase structares had no apparent connection with ;’}_::
S original dillet locations but appeared to be a result u1 the forging R
f'.:-: - operation-alone. The only significant fact evidert in the as- >
[.:{. - A forgzd microstructurces was a greater amount of working at the $os
T ~ billet sarface and the pancake surface comvared toc other areas ::'{
:::-:. - of the pancake {Figures 7 and8). This area of greater ~ 35}
<R - workirg corresponded to the higher strength region at the original o
gl billet surface (Table 1I). Microexamination in the forged-and- =
[~:.; ] aged condition showed that higher streagth is associated with o
i:{::. a finer distribution cf aging constituent {Figures 9 and 10), L
o - Examination of specimens having iow tensile elongarion indicated v
5’.: :_ that low ductility resuited. from a semicoatinuous- N I::'-
;‘:.‘ - network of aging constituent at the boundaries of recrystailized '.-::
“ - ) grains {Figure 1}1). Specimens with higher {more than 4.0 E
3 - per cent} elangations showed transgranular fzilure zcross S
::::’:- :-: uarecrystaliized grains (Figasre 12). :}::
RANE . :‘:-:
:::-:‘: . Duplicate slugs {rom nine locations corresponding t¢ original 3::',-
' - - biilet centzr, paacake zenter, and billet surfzce of pancake DGT-2 -
s . were beat treated at 1450F for ocae hour, 2ged at 900F for 96
s B hours, machined into smootk tensile specimens and tested at
EXL . room lemperature. The 145JF heat treatment was intended
g:::-' ': to sirmaiate the drawing opcration on full scale end closzres.
[ShR L The tensile properties aand specimen iocations are shown in
£ . Table IV. Thes¢ resulls indicated more uniformity and slightly
: ; S - kigher yield strengths than the forged-and-aged properties
'_:‘:: - {(Figure 13). The tensile elongations, however, are much lower
> — s 9
.:: Tt - e e~ - - - e
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thae those Sar (arged-aed-aged material {Talsde ¥, Figu=e 13).
Microexamiration showed that these properties can be attributed
to the recrysiailization which occurred Guring the 1450F keat-
treatment. This recrystaliization produccd a more vniform
structare (Figure {4) end therefore 2 more uniform strength,
but ii also raused compleie netwerks cf aging constituent

at grain bousdaries anéd unifermly low ductility. Tensile -
fracture surfaces indicated that failure was almost conpletely
intergrenular {Figure 15}. The material preperties after ’
the 1450F heat treatment and aging indicate that severe overaging
has occurred aiter 96 hours at 900F . Six additional siags

from pancake DGT-2 heat treated at 1450F for thiriy minutes
are being agzed for 24, 48, and 72 hours to further investigate
tne overaging effect. )

Information has been rzceived from the Ladish Company on the
comparison of material from three metal suppliers. The
compositions and tensile properties are shown in Tables V and V1.
Thesc data were 2accumulated by Ladish in acceptance testing of
the material. The resaits show differsnces in aging response
cf material ircm the three soarces, and corresponding
variations i ductility. The yield strength ané elongation of
these various heats of material! are plotted in Fisare 16,

No difference ia relative ductility is shown Ly these data.

There were no significant differences in compositica except
that material from metai supplier C appeared to have a lower -
average chromicm content (Tabie V). This difference had

no apparernt effect on tensile properties (Table VI). Similar
comparative data are being obtained from Wyman-Gordon.

Effezts of Interstitials

All work so far on the effect of hvdrogea has been on the

estaklishment of 2 hydrogenation techniqaoe. First, hydrogenation |

in agueoas soiutisos of hydrofluoric and aitric acids was
attempied. This technique was unsatisfactory because it
preduced a high hydrogen content at the surface ard produced

aa intergranular surface attack. The second method tried was

to expose the material to a hydrogen atmosphere at 490 tc €COF.
This technique was abandoned be.anse the desired 200 to 300 gpm
of hydrogen coald not be obtained with reasonable hydrogen
pressares and exposure times. Information received from

metal supplier A indicated that hydrogenation coald be accom-
plished satisfactorily by a cathodic process. The process ased
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sulphuaric acid as an gkctro!-;te. a !ead anode, 2nd ths titaaiam
aT3uy sheet 10 be hydrogeaated as a cathode. In preliminary
trials, hydrogen levels up to 24560 ppm have beer achisved,
aiter a diffasion treatment at BOOF. The parameters of the

) process are now bfing established for hydrogen levels of
. . 200 to 300 ppm. .
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Haif-sections of three press-forged pancakes with varying.
_oxygen conteats have been received from Wyman-Gardan,
These pancakes were to have oxygen contents of approximately

0.10, 0.15, and 0.20 per cent. Tue oxygen acalyses of the
ingots were as follows: Oxygen Content

Heat Pancake Desired Fop Bottom
V-i876 DYO-1 0.10% 5.126-9.12R% 0.227-9.202%
V-1677 DYN-1 0.15 0.138 0.183

V-3678 DYM-! 0.20 6.212 0.262

Heats V-1677 and V-1678 were close to the desired analyses but
Heat V-1676 had 3 wide variation in oxygen analysis. These
parncakes were forged with 2 doudie upset as outlined in Table VII.

e
WDl
. e,
[ )
LR AS)

. Wyman-Gordor is presently rechecking thbe composition and ::.:-:
determiniag the aging response of the forgings at 9COF. . o
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Macroexamination at Pratt & Whitney Aircraft Division has
shown coarse -grained regions at the pancake centers similar
to the previous pancakes DCM-!,; DGT-! and DGT-2 (Figures
.. 17,18, and 137, The compositicns on two surfaces and at the -
center of each pancake arc being determined. )
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C. Fracture Toughness Testing

LA

.i‘l
e

Fracture toughness (G c) testing oo fortyviach diamrier flow-
terned cylinders Nos. 1 and 2 from the Perzshiang program has been
_ completed. The material was machired inlo the ASTM standard

' 3 x 12 inch internzlly-notched specimens shown in Figare 29

{except that these specimens did not irclude welds).

...'

e
W
tetut

.
LTRTRCA A,

>

. Sprcimens were tested in both the axial #ad circumferential i
: directions. Both cylinders wezre testad as-stress-relieved 138
- {850F for 20 minutes), and cylinder No. 2 after agiag at f-::.
- 800F for one, two and four hours. The G_ resuils and T

- ccrresponding tensile propersties are showe in Table VII and
Figure 2. Smaller ASTM standard specinmeas I x 3 inches
- and 2 x 8 inches are being machined from cylinder No. 2
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- to determine the effect of specimen size. The resalls to date o
4 . indiczte that the tougkness (G_) is lower ia the circumferential

R direction than in the axial. This is undsrstandable since the

y:eid strength is higher 1a the circumferemial direction.
The toaghneds is approximately equivaleat at 2 given yieid
strength level regardlese of direction {Table V1iIl, Figure Z1).

AL PN PP

. Modified Charpy impact specimens (Figure 22) and instrumenied
berd test specimens have been machine@ in the axial and circam-] RS
ferential Girections from flow-ternad cylinder No. 2. Aa :::-
attempt wiil be made to correlate the resclts on these - s
spec:mens with the G_ test resaits. If a saltisfaclor, correlation E:

is found to exist, it may be possidbie to eliminate the expensive
G, test method, or teuse it only as a final test method after
screzning tests with specimens of the above type. Test

i . resuits on modified Charpy impact specinens at rcom tempera-
ture aud -35F shown in Table IX indicate considerable variatinn,
The rcom temperature data exhibited a s:ight trend towards
higher energy absorption in the circurnfereatial direction as
compared lo the axial. The -25F data were too limited to

show an =ffect of direction but indicated a slight trend towards
iower energy absarption than the room temperature results.
Energy absorption and yield strength are plotted in Figure 23.
Modified Charpy impact testing so far has shown that the
sens:iivity of the test teckrigue at roorn 2emperature and dbelow
is not adegquate. Additionz! impact specirens will be tested

at 70, 215, and 400F, and inst:umented. bend specimens w

»
*
.

T

be tested 2t room temperature. 'i:-'
D. X-Ray Diffraction Studies co
The prelimirary x-ray diffraction sludies of mili-annealed -

2.d cold-rolled sheet and of ficw-turned material have been -
completed and the results repcrted by Manufacturing X
Laberatories, Cambridge, Massachisetts. A copy of this i

report is includcd in Appendix C. The samples analyzed -—

had >¢en machined from mill-anncaled sheet 0.125 inch roe

thick, cold-rclled sheet stock {fifty per cent reduction) aged at '{'-‘_:

850F for thirty minutes, and the 40-irch diameter Pershing b
- flow-turned cylinder No. 2 {fifty per cent reductiorn) also -

*
o

'l

aged at 855F for thirty minutes. The resalts of this stady
were as feilows:

v

.
*e

A
.

)

N

PO

|

|

|

!

|
i
)

o




RN

PRATT @ wonTact AMECRAPT PWA-1934

t. Cold-rolled sheet 209d Nlow-tamed material exfaibat
a distinct textare whereas mill-annealed sheet is
randomly oriented,

2. The texiure c¢f flow-tarned material varies across
the wali thickness, and differs from that of cold-
rotled shect, .

3. The principal wnrking direction in flow-torning is
circumferertial, - -

4. The outer section of flow-turned material has a .

singular texture, similar 20 one component of
what would he expected {rom rolling in the :
circumierential direction, and ’

5. The inner section of {low-turned material is of 2
mixed character, consisting of the octer section : -
texture and a textare - xpected for rolling
in the axial diraction.

These results predict that th2 transverse mechanicit .
properties of cold-rolled sheet should be similar to the
axial propertiez of a flow-turned cylinder. Similarly
the longitudinal properties of cold-roiled sheet should
resemble the circemfecrential propertiesof the inner
scction of a flow-turned cyiinder. The fact that the
outer section of flow-turned material has a siagular
texture indicates considerable directionality in its
mechanical properties. Since the innsr section has

a mixed instead of a singular preferred orientatiorn

it should exhibit little cr no directionality. These.

predictions are verified b+ the ocbserved results shoam in
Table X.

Weld Development

Prelirainary testing on_the initial set of TIC and etectron-beam
welded panels has bern completed. Three panels of milj-anneaiked
sheet 0.125 inch thick were TIG welded with B-120 VCA filler
wire. Helium was a2scd for the torch, trailer cup, and queaching
gas. The panels werc weided with solid copper backup and

hold down bars using a travel speed cf five inches per minate,

an arc voltage of aboat ten, a current of about 125 amperes, and
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a tungsten elcctrode 0.093 inch in diameter.
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Prmelt sere steciren-beam eelded br Fumitten Randacrd

at a travel spred of twenty-cight inches per minste, a voltage
of 115 to 135 kilovolts, and a current of 3.0 to 4. § mitlie
ammperres. Three parels were welded from mill-amnealed
sheet D. i25 inch thick. Two additional panels were welded
from cold-rolled sheet reduced thirty.five Per ceatio a
thickness of 3. 885 iock and aged 2t €00F for four hoars prior
to weiding. The intent of the 2ging treaiment was to prodazce -
a yieid sirength level of aboat 180, 090 psi. .
Tensile, bend, aad fractare toughnezs {Gc} tests on specimens
from these pirels have beec complrted. Modified Charpy
impact specimens notched at the weld ceater and instrumented
bend specimens kave baen machined {rem the TIS welded
pasnels ané are ready o dDe tested. Tensile and hend test
resuits {or both the TIG and clectron-bears welded p2neis are
shown in Table XI. Greater bend dectiiity i35 indicated for

the ciectron-beam weided material. The tensile properties show
lowsr elongsaiion for the electron-deam weldzd specimens and
tugker yvield strenaths for those welded in the cold-rolied

and aged condition. These differeaces are o representative
of the sirenzth and dactility of electron-beam welés. The low
tznsite elongation mezsercd over gage iengths of sne-haif a=d
oae inck is a resal?t of 2 very localized deformation in the
aarrow {2.032 . 2_073 iach) weld bead characteristic of the
cleciron-beam weld. This localized deformation is believad
o be c2used by a slightiy concave weid face and by the ductile
mAtyre <f the weld materizl 3s compared ts the parent metal.
The lzcalized yiclding also gives srtificially high yield stzengihs
because the Seforming material is strengthened by the adja<zat
Ligh streagth parent material a2s semonstrated by the lest ro-
sulls from panels Nos. 357 aad 3156 {Table XI)

Fraciure {cughness< (G} specimens wers machines from TIG
weided pancis with antches 2t the weid centers per Figure Z0.
One xpecimen irom an electron-deam welded parnel was
machined in accordznce with Figure 29 aad the remainder per
Figorc 24. The fractare tougbness test results are showa in
Table XII together with previous data from XRL oz P&WA TIG
welded pancls. The locghness of TIG weids tasted cader this
zrogram was cowmparable tc that oltsined by NRL on similarly
+ided waterial. with sne exception. Tihe exception {it80

intnsfinf} is considerad significant becaose the specimen v

sacnue 3
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machined from aa area which had ealy sligat “at complere weld
penetration. This sligh: penetration was accompanied dy finer
grain zize and less erideace of graia bowndary comstisueat,
indicative of a faster cooling raze as shown by comparison of
Figures 25 2nd 26. Typical macrostructure of TIG welds is
shown in Figare 27, The grain size ia this area was O, 012 inch
as compared (o §. 0I5 inch in TIG welds with normal peaetsalioc..

The fracivre tocghiness resolts oo eleciron-beam weided
material are more difScalt to interpret becaase of the
influence of spccimee size. The siangle 3 x 12 iach specimen
kad 2 G_ of 795 intbs/in? whick is higher than the average
valce for TIG welded mmaterial. The 1 x 4 inch specimens
aiso gave higher values than TIG welded material but this
result may not be significazt becagse of the difference in

E spac.men size. The nciched tensile strengths of these small
': specimens are encouraging because they are close to the ul-
. timsate tensile strength of the materiai {Tables XI and XI¥).

The latter specimens had a stress concentration factor of
K,=i8.

D sednibes b

Based on bead testing and 2 limited amouat of fracture
touphnzss (G Jtesting, it appears that the ductiity of
ciectron-bearn welds is superior to that of TIG welds.

b o

A

: This prébably can be attribated to the faster coolisg - - el
- rate in eiectron-beam welding - which results in less ioy
4 grai= toundary precipitate and finer grain size. The I,
S < < .. . toa
o A average grain sizes in electron-bezm weidg were C.093 A
X 1 inch in material 0.035 inch thick 20d D.Ci} inch in e

> 1 . materiai £.125 inch thick as measared un iransverse ﬁ_

sections. 2

To furthet evaluate the tleciron-beam weiding prc-ess -~
2 proposed program is being prepared. It wiii be sob- -
mitted to Hamiitoa Standard, Airco, and National e
Rescarca Corporatien for quctations on performing the L
worl.. This program would iavolve 1} the Setermiration. -
of the effects of eleciron-beam welding prrameters

on microstructure, asd 2} the determination of the
mechanical properties of the most Zesirable structures.
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To Zetermine the eifect of crack oriemtation ia TIG weiding -
the testiag of a specimen cosntaining two longitudinal welds
with 2 transversely oriented notch in each weld {Figure 28)
is beirng considered. A series of panels are being TIG
welded to cvainate this specimen and the biaxial-siress
weld specimen ased by Curtiss-Wright (Figure 29). Is .
additicn, edge-notched specimens (Kg = 8) asd fusther

impact specimens will be tested. Various methoés for
iacreasing the cooling rate of the TIG weld paddle are

being coasidered. -

F. Forging Practice

1. Press Forging

_llali-sections of four press-forged paacakes have been
received from Wyman-Gordon. Two pascakes were
forg=d in a single upset at 1700F and two at
1850F. Cre of cach pair was forged at a high strain
rate and the other at a low strain rata. Tke forging
srocesures fcilowed are outlined in Table XIII. Wyman-
Gordez is preseatly determining the aging response of
these pancakes. The dzta received so far is shown in
Table XIV. The tensile properties indicate a fasier
agiag response for the pancakes upsct at lcw straia

. - rates, 2nd lower yield strengths towards che pancake

cenlers than at the paacake surfaces {Tabie XIV).

Macroexamination showed coarse-grained regions

at the pancake centers., There was also a tendency . 1t -

foxards cocarser grain size after forging at a high

strair rate {Figures 30, 31, 32, and 33). There was

no appreriable difference in the grain size of pancakes

forged at 1700F and those forged at 1856F. The coarser

grain size and slower aging response after forging at
high strain rate is believed o be due 20 the higher fin-
ishing temperature as compared to that for the low

strain rate forging (Tzble XII).

Hammer Forging and Ring Rol!it-xs

The Ladish Company has :ompleted acceplance testing
of the heat of material that will be used in the first
part of the hammer forging 12d riag roiling.program.
The composition was as jollows:
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= . - - -
23 - op 3.60% 11.67 3.72 6.27  0.0172 9.0017 0.15
3 - ’ bottom 13,62 .74 3.44  0.28 0.0183 0.0030 0.1}
e - :
‘ The tensile progerties at 70F determined by Ladish are
Ned AN - -sho®m ia Table XV. The results zhowed a2 trend tc ards”
oy - " higker strength at the iczot t6n thas at th= battom. To -
= minimize thic effect arnd to avoid the effects of possidie
-l variations in compositicn, the mater:al for hammer {orgiag
oo - will be taken frem one end of the ingit and the material
. : . for ring rolling from the other ¢dd. If scificicnt material
K is available, samples for hammer or roll forging will be
O taxen at intermediate locaticns as a check on composition
RO - - variations along the ingot.
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IV SASCUSSION

A, -Expioraiiin of nencake DG T-2, wkich was forged snder jeint
s10387 by Wyman-Gordon and Pratt & Whitney Aircraft Division
prior to the current coniract, has dexonstrated that open-die
forgiag <an devclop a wide range of tensile properties within
a given part. Low ductility in the cente> of the pancake was
found to be associated with a greater degree of grain bogndary
recrystaiiization than eisewhere irn the forging {Figures 11
and 12}, insufficicnt iocalized working coupied with higher

; tocal temperaicres are suggsasted as explanations for this be.

. kavior. The relarively high finishing teniperature {1565F) and

- the iong 2gping time of 96 hours at 90CF G develcp a yield
strength o1 160, 092 z=i are indications of the ce=sual behavior
or this forging. Fcrgings of this type normally develop the
desired tenstie properties afier 3 to 45 hours at 900F. _Also of
interestis the fact that fine aging precipilata in pandake DGT-2

was associated with higher vield streagth {Figures 9 and 10}.

Sampies with lower yieid strength had coarser aging precipitate.

8. The diiferances in texture betweez inner and vuter surfaces
of flox-turned maierial shown by x-ray diffractio= are in
agreement with the mechanical properiies for the respective
locations {Appendix C, Fig.7). Tke variations in crystal-
icgraphic crientation stred some light on thc natars of the de-
formation produced by flow-turning. in sirmpiified form it
appears that 1} the meial in contact with the rcller tool is de-
formad soirally !¢ a deptk of at least 0. 015 inch, and 2) the
metal adjacent to the rardrei is moved axially as in cold rolling.

)

) )
AN

The x-ray diffraction waork performed so far coastituted

. an caploratery effort to ascertain whather it wocld de possidble

to detect any evidence of preferred crientation. Consideration
is being given to deiermining th= prefile of the textare frem

. : the outsids surfzace to the inside sarfaze of ficw-turned material.
Thke n2ture of the residual stress, compressive or teasile,
across the flow-turned seclion nceds definition, and this may

be capatle of solution bv x-ray diffractio= techriges.
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The sigaificacce of the preferred ortzntatioc eacorntared ix

the flow-turaed section from 2 B-12€VCE recket case ts at

¥<2 clearly understood. It iskmowe thai improved toughne ss

is imparted by presemt flow-turning teckriques. It may be
possible to furtter imarove toughness by varying the flow-
Iurnding oarameters. Siace it has been demonstirate that
preferred oriertation from x-ray &y -ctinn znalysie eorrelates
with directionality cf mechanicai preperties, the x-ray diffractios

measurements wocld be useful in gauiding the flcw-turning deveicp-

ment program to oktain oplimam directionality of properties..

The work on press forging at low vs. high straia rates is
inccmplete bot the data presently avaiiable indicate that for
open-die press forging, low sirain rates appear preferahie

to high striin rites at (700 cr I£50F forging termperatures,

It also appears that the best result is prodaced by a ficishing
temperature of 1480F or below. An attemp: will be made to
define the relative importance of sirain rate es ﬁ-nisbing temp
erature by forging one pancake from :680F at a high sirain
rate and a zecend pancake from 2990F at a low strain rate,
finishing Lotk forgings berow i400F if possible.

These preliminary stadies of straia rate aad forging
temperature were intended to uncover aay extremes in forgiag
practice which would produce unsatisfactory metaliasgical
behavior. The resuits wili be Sppiicable to closed-die

preas work 2nd should provide saitzble ranges of forging rate .
and temperatare. The raie of heat extracticn by the closed
dies and the meta! flow willi aadoubtediy govern starting
femperature. Finishing temperature, however, will
apparently dictate the evecniual starling practice.

Se relativeiy hign G, valce of 795 ic-ibsfin? obtained oa .
ar electron-beam welded sample poials out the weid toughness
which may be realized witk this rechruique. Based ox the limited
<212 available, the ductility of eleciron-bezm welds appeared
t= superior to that of TIG welds. The exception to this tread
was the arusaal valae of 1480 in-1bs/iaZ found in a sesticn of 2 TIG
weid. That the latter was 2 valid test was confirmed by the
appearance «f the fracture and the desirability of the fine graia
size in welds was apparcnt. Altbcugn this condition was asso-
ciatsd with marginal weld@ peneiratica, a coadition censidered
ircpractical for circumferzatia’ case welds, this does not pre-
<lude the possibility of obdlaining ficer grained welds by changes
in weld technique.
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Tensile Properties )
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Specimen . Aging uTS Y.S. (0.2%) Y.5.(0.0.2%) Elong. E.A. Coateat

Aepeie
[
o,
*
()

A 90OF(95JAC  191.5ksi  175.

e
3
w
.74
l"'l. )

Skei 167.5 ksi
Aol " i98. 0 177.0 167.8
B i 185_6 170.5 163.8

7.5% .
iz.4 ©0.090

.
e
(O]
¢
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)
V0

B.1

5
o
2
[
F

195.6 182. ¢ 167.2
186.0 - 172.0 153. 8
196.5 1800 165.5
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5
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D " 1912 175.9 163.8 - 3.0 _
D-1 " 197.0 175.8 1€45.¢ 8.0 8.2 - s
E » 191.5 175.8 1€0.2 4.0 8.4 --- L
E_i . 194.6 i81.6 3718 2.6 1L4 0.091
F " 155.5 179.5 169. 0 6.8 1.0 ©.0%6
F-1 . 194.9 177.2 168.5 4.0 1.2 -
G " .195.8 178.5 167.5 4.0 9.6 0.9090
G-1 " 193.0 178.5 166.C 4.0 124 ---
H . 184.5 170.9 156.9 4.0 9.4 0.140
H-1 - i92. 0 ise. e 160.2 4.0 5.4 0.0% e
. 1 " 198.5 181.5§ 171.0 6.0 9.3 0.992 A
¥ 3 1-1 - 136.0 179.8 169.5 6.9 8.6 .- =
g 3 = 193.5 178, 6 167.2 4.0 1.2 0.09 o
- : J-1 " 135.8 181.0 167.2 4.0 8.2 ---
X - 195.6 180.8 179.8 5.2 7.6 9.108 L
X-1 " 189.5 174.8 163.6 5.2 1i.2 - ~—
L » 136.5 i79.5 169.0 4.0 8.8 2&.105 1.
- ‘ L-1 " 197.9 - 189.2 170.0 1.4 4.2 ©€.095 LR
e M . 192.6 179.9 167.2 4.0 6.5 0.080 |
o - M-1 - 197.0 183.0 171.2 2.8 9.4 0.097
AEAS N n 189. 4 173.2 163. 8 5.2 £5 0.097 ’!‘._
N-1 " 188.5 1746 167.8 5.2 2.2 .-
e o " 196.2 180.8 170.0 2.4 11.0 0.067 o
It 0-1 = 196.2 178.6 ° 167.5 2.8 5.2 0.091
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P 900F (26)AC 191. 0 ksi I77.5ksi  166.5ksi  6.0% 8. 0. 153%
o.1 " i95.8 181.5 167.8 6.0 . 6. -
Q " 203.0 188.0 175.4 8
2 Q-1 " 196. 6 182.6 168.9
. R » ) 194.5 178.2 0.2 .
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~ 3 R-1 " 190.8 i78.0 168.5 6. 10.5 - t_:{‘.
SR s . 196.5 .179.0 1690 6. 7.8 0.0% 0
» 6 - -~

. . S-1 2 i33.5 i76.0 - 166.0
> T - 189. % 176.2 166.5
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TABLE II£

| Compositioe of Teasile Specimens £ om Pancake Faeging OGT-2

Specimesn A4 - Cr Al Te T Oz H2 x2

As 12.00% 11.90%  2.70% ©.29% - - 0.081% - . 0.020%
A-1 13.20  10.S0 2.68 ©0.17 - - 0.090  0.006%  ©.021
B 13.15  10.90 2.7 <0.5 0.062 - - - -
B-1 12.40  10.20 2.50 <0.5 0. 066 - - :
E-1*+ 13,10  10.4C 2.9¢  0.26 0. 091 - 0.0i8
H 12.80  10.63 2.46 <0.5 G. 110 - -

H-1 13.40 1116 2.30 <0.5 0. 094 : . -

L 13.20 i0.29 2.80 0.1 - 0.105 - - 0. 024 -
L-is¢  13.00  18.90 2.80 -0.22 - 0.095  0.005 0. 023
M 13.70  10.70 2.68 0.22 - 0. 330 - 9.015
M-1%  15.70 - 19.79 270 0.19 - 5.097  0.207 0. 023
o-1 13.00  i1.22 2.70  o0.21 - 0.09L  ©0.055 0. 021
U 13.68  10.8C 2.82 o0.2¢ - c. 139 - 0.023
U-1# 13.10 10.20 z.60 - - 0.088  0.007 0. 023
AAs* 12,80  10.00 2.56 .<0.5 e.c7  0.112 - -

AA-1*= 1369 11.00 2.50 0.20 - 0.'108 0.c¢08 0. 025

oo
38 8§

ee,

)
N *
LA A

(R )
1'0.‘
]
w}

Iy

®Specimens had low tensile eiongation: 1.4 - 2.8%
*s Specimens had high yield streagih: above 190 ksi’
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TABLE IV
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PRI X

Tensile Propertizs {70F) of Pancake Forging DGT-2 After
Interim 1450F Heat Treatment and Age

LS

s, 4,

o:’ ) )
5 BB NN . zz |
cC . 00 . AAA
. Center Db PP, ~ BBB Qutside Surface
of Biilet . ) T of Biilez
Hea! Y.S. ¥.s. .

Location Treatment ~U.T.S. {C. 2%) {0. 02%) Elong. R_A.

BB }450F{1) AC 196.8 Fei  1832.5 ksi -164.2ksi 1.2%  3.4%
* G00F(26). AC : ’

BB.1* " 203.5 191.0 169.6 - 1.2 6.0
cC - 197.8 185.0 i79.2 1.2 4.4
cC-1 - 191.8 178. 0 162.8 1.2 . 6.2
DD . 194.4 181.4 165.4 1.2 5.6
DD-1 - 195.0 181.2 169.0 1.2 5.2
NN " 193.4 182.0 169. 6 1.2 3.2
BN-1 - 191. 4 1550 169. 6 4.0 5.4
00 » 193.2 181. 4 170.6 2.8 112 %
00-1 - 193. 6 i82.2 174.8 1.2 9.0 N
PP - 192.9 184.2 176. 6 1.2 3.5 e
PP-1 - 195.5 i85.9 180.0 1.2 6.2 Dy
zz ' 203. © 188.6 ig2.6 1.2 1.8 =2
z22-1 - 202.8 188.6 178.2 1.2 3.2 -
AAA " 196.6 181.5 166.8 X2 3.2
AAA-1 . 197.8 1832 1718 1.2 4.8
BBB - - 207.8 195.4 182. 8 2.8 5.2
BBB-1} " 205.8 193.5 180.2 1.2 . 5.4

$Dash ] specimnexns located behind those shown in the skeich
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Sazgzlier Heat No.

A A-1?
A-2
A3
A-4
A-3
Average
8 B-1
B-2
B-3
3.4
- Average
C C-1
Cc-2
C-3
C-4
C-5
Cc-6
Average

PWaA Spec. 1269
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TABLEV
tadish Accepltance Test Compositions of Malerial
From Three Metal Suppliers
¥ £ M Fe € M N 0O
13.59% i3i.5% 3.3 6.30 0.034 ©0.503 ©0.0i3 .93
13,38  :1.63 3. i 6. 39 6.62: ©.002 0.920 6.32
33.29  1i.27  3.32 ¢.3 0.0:6 9.0695 0.927 O.:0
13.27 11,16 3.32 0.26 0.034 .0.055 0,029 O.09
i3.18  11.3% 3.2 o. 33 9.213 £.002 G.628 5.05 :
13.34 1i.41 3.28 6. 3: 2.625 ©.003 0.029 ©.09 S SN
13.64 10.67 2.92 D024  0.%i2 0013 $.881 O0.13 R
£3.64  11.15 3.49 ¢. 30 £2.9i3 ©.09¢ 0.006 9.i12 E
13.61 11.15 - 3.63 ©6.2Y¥ -0.913 €. 008 ©.026 .10 g
13.6F 11.65  3.3% e 38 9.¢15 0.063 0.021 0.}9 e
i3.65 11.1€ 3.35 930 ¢.0i14 ©0.005 ©0.02¢ O.11 ]
13.63  16.5% 3.32 .23 Q. 028 0.003 0.015 95.09 s
13,72 10.75  3.i3 2.25 B.044 0.002 9.020 D.09
1325 10.53  3.22 0. b 0.066 0.G02 3.921 ©0.09
13.35 10.38 3.27 0.22 0.030 6.002 0.%12 0.0
13.03 10.83 3.53 0.34 ¢.021 ©0.C03 0.92¢ .Gk
12.94 10.63 3.69 9. 28 0.030 0.005 0.218 0©.12 -
13.33 10.62 3.37 5. 24 0.037 0.c02 ©G.018 €.02 - "
I S
12.56- 18,00 - 2.50 - 0.338  9.i0  9.915 . 0.65  0.%0 P
39 2.00 4.08 max. max. max. max. max. ==
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Lacish Acceplencs Test Teasile Prooersies {FCF) of Macerial
From Three Metal Suppiizss
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TABLE IX

Mocifed Crarpy {mpact Test Results on Persiing Flow-Turned
Cylinders Nos_ 1 and 2 at 73F a4 -¥SF

S
a3
)
-
-
-
-
.
7

%

. Amm.‘uww v b b liyaan}

) LN,
< Tensiles N
z Test Yield Energy N
:: Cylinder No. Temperature Directlion - Age Strength{0.2%) Absorption ;::.:::.:
= 1 T0F axiat SSOF(H/2J AC  181.2ksi 1.2 fr-lbs 3~
- - N circamierential - 18G_ O 2.8
:. ~ . o - a3 e s, 6
- - . -3sF avial - Tyary i3
- g - - : = - 1.3
: - - - circursferentiai- N 158.9 3.3
. 3 L B - . i.8 e e
S 2 I9F axial - 185. 4 2.8 )
= . ) - - - 1.2 L
. ! o * - . 2- re) g ._;_..‘
= - - circumiferestial ™ 18¢.3 1.2 R
i - " - - - .3 T~
i } y N N 1.3 o
{ = axial 855{:72) AC 200. 4 3.2 -
: +800F (1) AT o
i - “ - - 1.2 T
: : - " - 1.0 I
- . circumfereatial = 201.6 I ol
- .. .. Y] 1..5 \_1;:_.
” ™ N L: . [T
‘ - axial 8SOF{1f2) AC 2€5.0 i3 O3
+8COF#2) AC |
. v
. . .. o 2.3 ....:...'
" - - - 1.0 E-:
: citcomierential - 224.3 2.¢ N
; - o " w 2.0
- s - -3 -t .- - 3.3 - :'
3 -38F axiai 8SCF{1/2} AC 325.4 i.5 S
$ - - circumfereniial " i89.3 1.3 L
. axial 850F1172) AC ZG0. 4 i.¢ -
_ } +£52F¢{1) AT L
<< ] - - w - 1.3 .
= B | - - - BSOF{if2) AC 205.85 i.S -
o . +300F{2} AT T
:. - - o circusnfcreniial ’ 224 3 1.0 Fat
= - : - - - AR
33! w2lacs determinerd at 7SF o
i
- Q_*‘~,
als
. s L
|
. i
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TABLE X

F Y
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N l.'l‘l.l A

Tensile Properties {7CF) of Cold-Rolled aaé Fiow-Turaed
Naterial with Respest lo Direcsion and Thichaess

1ty £
&
{

RIS

D
ot

1. Cold-Rolled Material®

Test Y. s, : -
Directica Age Avea .S £0. 2%) Llong.

longiradinal 8§66F{i} AC toial igd. O kst $78. 0 kei3
thickness

3

H
t
[ "1}
k)
\
w
e
tow
)
o

- 8G0F{2) AC - : 193. 0

. v .- 185.¢ -

. 800F {3} AC - : 133 5.

- = d 210.¢
iransverse 300F i}y AC nd - i85. ¢

”

00 &
[

“HY Ao
ww

w
VOONODNODODO

[
OJN.C\O.(\)
oCVOUNOUVONnON

m o »

‘

I, }C0F12; AC RO 195.5

e e mu e B B

- 800F{4} AC - z33. 0
- " - 2160

2% 8
uvy\:a‘y\rr_o\-a

NN

2. Flaw-Turned Materiai®® -

Toaxia 85GF{if2) AC towl 187. 8 180.5
thickness
. .- . . 187.
o

ze - z

i - 2ee. 8

*
L]
r

[V, Y I - ]
N

circumierential

P g 4

i L - surside half 208. 8 2062.¢ . -
| . = ; of wall - . ) E
-t ) thicknese ~
T - ' .o - 193.8 198.2 3
. axial - insice Ralf 192.8 187.6 1.

AR ¢
R o’ wall
Ry ) thickzess .
. . - - :23. 2 182.3 3.5

L circumfereniial - - 177.4 176.0 5.0 s
oo - - - 184.6 178.8 3.5 1
- ; T

: -

.- ) t B

R *Cold-solied i3 fifty per cent redsciicn.in multiple paszes RS

=8 Flow-turned t= fifty per cent reductlica in singic pass
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8 TABLE XTI
b -,
SN >
. Fracture Tcagimess (C¢) Test Reswults sa B-i20 ¥CA
PN i} - TIG and Electron-Beam: Welds
f‘.‘.‘ .: -
Tas, - . -
e I ~
P\'.. -
i‘t':. :. . (!) Net
2, - Specimen Weld Sectioa K.T.S.
" A Panel No. Size Material Process siress Ge {£-18
:.:-:-:_ . 5 miil 'annea.letl : N
N 9 -2 3ux12" {9. 325" thick) TIG 60.6 ks 215 in lbsfiaZ -
et N-2(2) S ~ 49.0 136 -
N N-3(2) " =~ 7 te3 -
; ; _N-4f2 ~ T s5.2 1TE -
Average 35.4 . 12?7 -
=il anneaisd .
L-1 vyl {C. 1257 iR} TE 126.5 i480 -
< “ : 52.5 155 -
C4 ) - 7.5 338 -
cs ‘ .- 55.0 164 -

365(31

36113}
352832

357{3%

A4

35883}

358

356837

1vxde

coid roiled ang

{4}

Average 77.9

e

beam

leciroa

1S ¢
- 121.¢0
- 2. ¢

s34

569
338
535

Average :32.0

elecizan

475

123. 0 ksi
il10.¢
i4¢.C -~
1z4.3

145.0

$xE xg= 18, 885~ thick) beam (716 >3299
~ - 140 ¢ 490 i0.0
. - 155.% £25 138.5
” T 15378 >883 118.0
Average 157_3 821 135.6
ugy3Ie ccit tolled and . electrom
age 4. 083" thick] beam 212. 0 79%

{1

Ti weidiag donz with B-128VCA {ilier =nirs; eleciron bexm welding
{Hamillon Stanéard}! witheot filler material.
Panelzs TIC welded at PWA bda? specimens mzachined and tested 2t
kavsi Research Laborztory.
cimens machined to Figore IZ, oiher speTimens machined to Figare i8.
edaczd 5% by cold reliing, 2528 at 20GF for 4 dmare rior i weiding
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Farging Procadures for Wyman-Gordsa High asd Low S:rain R2:: Pancakes

g DYW-1; DYW-2, DYW-3 and DYW-4% S
e

. Furnace Part - Part
Billet . Soak Start Straia Finish Pancake
Faaczke Size Treatment Temp. Rate Temp. Size

T ——

DYW-1 5 dia. iT00F{2.7) AC  1600F 7.32"{mia. <i400F 15 374" dia.
7 174" length to o600F © 0.76* thick.
DYW-2 5 dia. 1700F{2.6) AC 1500 63.6 1575 15 1/2* dia.
8 1/4" leagth .o 1609F - 0. 84" zhick.
DYW-3 5 dia. 14860F({i. 5) + 1685 4.5 ) <34GO - iS5 1/2* dia. =

¥

.8 1{4  iengta 150CF(1.5) + i 0.82" thick. s

1BSOF(1.8) AC . e

- to 1685F . N

- DYW-4 5™ dia. $400F(1.5) + 1660  76.3 1615 18" dia. O
T g 1/4" ieng:h 1500F(2.5) ¢ : ) 0.81" thick. D
1850F(2) AC - . ) Par ol

15 i660F - ) By
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. FREQUENCY DISTRIBUTION £LOTT
4 TENSILE YIELD STRENGTH DIFFERENCES
BETWEEN DUPLICATE SPECIMENS
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* AVERAGE _ 3.7 X%
4 { DIFFERENCE
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L8106 CURVYES FOR TGP LAYER OF PANCAXE FORGING DGT-2

2 O SRLET CENTERTOP LAVER ] ]
2po] _ T0 RAD-TOP LAVERIPANCAKE CENTER)
@ BILi_ET SURFACE TOP LAYER .
i ] ’_.,.'v :
TENSILE i
STRENGTH a— | 5 :
(ka1 180 |
{70 /
, 50 /
160 ;
120 -

YiELD 170 : T
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1c \
ELONGATION
{PERCENT} ,;_:,\ A S——

N
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MGDIFIED CHARPY IMPALT SPECIMEN
USED FOR TESTING FLOW-TURNED
CYLINDERS NOs i AND 2
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MODIFIED CHARPY IMPACT ENERGY ABSORPTIONS AND YIELD
STRENGTHS FOR FLOW-TURNED CYLINDERS NC. | AND NO.2
TESTED AT 70F ANC -35F. SCATTER OF TOF RESULYS
PREVENTED ANY CORRELATION.
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) STUMMARY

Qeantitative pol2 figures have bezn determired for B-120VCA titanium z2lioy

shect in the following conditicns: anac2led, told-rclled (50% reducticn} and aged,

and Duw-turnesd (S0% rzduction) zad 2ged- It ia shown that the deformation

n e
]

tzxtures dre (160} [£11] for the 2nnealed sheei, {10011011) and {2:1) {1190} for

s,

vy
.

the tcid-relled shoet, 1852} {B11] -2nd {111} {112} for the innar section of tne i
fow-turaed sheet, an {151} {1 !3! fos the ouler secCtion of the fow-turned ;:"—"
sheot, Beporicé Tarialicns in mechzaical properties 22r5ss the thickzness an ia ;: -
S
the piane of flow-tutncs sheet can be usdersiced ig erms 2f the cdaesved g:f :':
difizreaccs in preferred orientztitn. ) ,;:(
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1. INTAODUDCTION AND-CBJELTIVE

Stiedies af thy cold-formieg of B-iZOVCA titanium alloy juio thin wail
hollow cylinders dy 2 {low-turaing cperation are curreznily in progress at

- £
s . Pratt and Whitney Aircraft. The alloy'l'z’a‘ 5

223 beer develaped recently

" a® -
SO
’-'_:'-': B - for applications, such as rocket motor cases, where extremely hizh strength-
- to-Censity ratic is rzquired. The composition of the 2llsy (13 wt. % vanzdium, §i%et.
chromiun 224 § wi. T alumiawm) 15 such that all the 2ileoying elements are takla
-
s @ @ 1o solution on heatirng into the bolz phase region and that betz i retained as

T 2 mei23table phase on air-tcoling o roomn temperzivre. The metastable beta, Sis
LR
g which has 2 body-ceniered cutic ztructure, €aa be decomposed by aging at
3 = -
o moderate temperatures. In the soluticn-treated condition, the alloy is soft and
- ducsile, Hu? aging brings abowt 2 substantial Rardening. Cold-forming opsrations
R-. can he cenducted re2dily on the salution-troated alioy without simultaneccs
- N ) m
Zecompasition of the beta prase™ .
Ths Fratt znd Whitney sivdies have shown that, in contZzeat to anvealed or T
3 ccid-zailed and ages shoel, thy {ioo-turaed 2ilay eahidiis variatives in mechaxi-
R c£al preperties both iz diffarant 2irsctlions in the Dlxzne of the matzrizl and across ae o
g its thickness. The sfuly of crystallogrzphic arizpiatize which iz descfitngd .
2 herdn was sndertaken with the shictlive of 3rlezmmning whedher these variations
te mychanical promerties could be ralated  the =ature of the preferved
- : cricntation induced by faw-{sraing.
. - ) i['-‘: .
t' - EE
- ®
f - ——
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2. EXPERIMENTAL PROCEDURE
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Pole-figures for descriding prefesred orientation in polycrystalline metal

Y
‘o
v

-' .l'

k

shee: are usually determine 3 by quentitstive x-ray specisuineler te<hniques

(6.7

:. X-ray reflection methsds {or {iat sheet specirnons,

L o
o~

.l'|l
B
.

using a2 Geiger counier

Traves;.
[
.
. 4
(0
.o

such 2s that due o0 Schultz, privids data orly for the c=niral pari cf the pole PG
figure. znd the ouler zegicrn must be determined by a transmissicn method. ¢
&

Altsrnatively, 2 re’lectioa mattod alone cae be used i spezimens of special :E"-
L
. . . . . F o -
shape 2re cut from (he eheet. Suck rnethods have bees Secacribed by Norton, SN
. ~ RN ) A
Borie an3d Chernock and Wanl' o, 2~

In the Norion methe 3. 2 serics of cylindricei specimens is cuat so that the
axis of cach makes a dilferent angle with the roliizz direction. Each specimen
provides data along oce diametler of the pole figure. Borie uzes 2 singie
lamizaind spherical specimen made up irom shect. The sphere is retaied
sinzsitanedusty through the 2ngle between the referance lirection 3nd the
datzaction plane pale and through the azimuthal angle, proucing data 2jong 2 spi-
r2l poth on the sterssgraphic projectios.  The Buhlier method amplcoys 3 single
larnirated cubical specimen made vp {r2m sheet. Again the sample is drives sc
as ta produce Jaia along A spiral pait on the steracgraphic projection. However. 3
o grovide compleis coverage of the pole figure, scparaic rums must be made

on sarh of shirce orthogo=nal cube faces.

Recoaity. fise disalvantages of the intonvenienl shape of the Borie type

soctimen aad the mullipic rans 10geived in the Buhler methed have bezn over- R
-9; f- -
come iz a mathed -’5’:'14:309:-3( Zor the rapid dotcrmination of deformation texture 12
NG
S
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ia refraciory melais. The mcthod has been adopled here for the meascsement
preierred orientation in B-120VCA titaniurn alley.

The meihod usas a singls laminated cubical specimen Thichk w3 made ap
from the sheet under examination. The cube i3 scclioncu 26 as to develnf 2
diagceal face making equal angles with threc orthogeazl faces. Using the 4agonal

face as the reflecling suriace, the apecimen is sci up in a MNorelcu motor ~driven

o
R

goaicmeter with convonticnal Schuldiz geomotry 39 235 o trace 2 =pi-al thoagh 3
e sterengraphic projection. The Norcico goniameter is modificd to a r2id the

Py

necessily of ccrrecting the spiral {3r iztefaction bztween the two maior -dnives.

oy

The X-T2y beam intensitics for the choscn refleclion are recorded <onzinuously .

by means of & Geger counter and strip-chart rescrder. The rotations neceisary

14

12 bring the cube diagon2al face to the diffracting position 2re reversed on the |

wonwy ¥
Gl g

stzTecgraphic projectioa by means of a Wullf net,” with the result that the smirax

track Xppears as a distortad spiral which ccvers the whole area of the

appropriate quadrant of the pele fipure. At discrele time intervals, the ratics

{ tha refllecied x-ray beam inlensides to the random intenrsitics of the same

]

position of e specimen with respect to the bexm, are read off the recorder
chart. These ratios arc plotted on the quadrant of the pole {igure and baumdurics
drzwn arcund arcas of similar inteasity ratio. Dus 1o the specimen geomess,
oaiy 2 single run is neccssary iy dctermine the complete Qua drant of the -l
figure.

In practice. 2nalysis of the Jele figere is facilitated by piatting the Jata

poinis for the varicus intensity ratios ia liffcren? colors. Due 1o the difficulty

A NN (P prent pop yuothy

cf making 2 multi-celored roprofuction, an example is not incleded in this 3
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repost. However, the black-and-white rzproductiza of A{l lb} pole fizute shows
ir. Figuere ) illusrrales the detail of the intonsity dizt-ibution which the method
provides. The [rcjuency of ths data plotting i3 indicated by the partial spiral
included in the figure.

2.2 Specimen Pregavation - -

Szmples of B-:120VC A titanium alloy sheeat in the following condifions were
obtained in the {orm »f ! inch sQuares {rom the Maicrials Devclogment Laboratary,
Pira1t an "FAhitney Aircra

43} 24l an=ealed (18 ix. thick)

2; Coli reldad (50% veduction to 3716 in. thickl an2 aged at
5597 for 30 mj wtes.

*

{3} Flowx-lurncd {53% raductim to 1/16 inb thick) irom a 40 in.
dismatrr ring-{erging nald aged 4t 339 F for 3¢ minutes

The cold-ralled g flow- e aed samples hal beza cleaned witk an alumnina blaszt
ta vemove suTface dizcolicration du to oxicaticn during the aging trcz2tment.
The mili-rciling, <nld-rxiling »nc flow-tersiag dircctions were indicated by
scride 3 «rovR2 oo fhe sxmples. In addition, the oulside surface of the cylinder
from whicl the Dox- iurned sample was obtlined was indicated by the scribed
gesiguten "O5". The flow-turaiag dircction is dofined 23 bring paraliel s the

axis cf the cxlinder.

Sozcimena for ke

2

asuremcent of preferreg orisnlelion were prepaied in
the I of cubes of 173 in. sile by lamimating picces of the approprizte sheet

sampis gether. The 1emindiions wery stacked co (hat the defo-matian dircition

o’

n the shect was manzineg in he composite spocimeu. Tack cube wis sectioned

,,.
{

m

ot

n tha manner indicsled abnve, zad the resulting diagozal face polished meialio-

grephically a=i dightly ciched.
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For the anncaled and th~ cciZ-Tolled conditiaas, Cwbdical specimens werc
made up fr 3 1: minations o tne entire sheet thicknces. Before laminating, cack
sample picce was lightly grounrd i3 snsurc that the upper 2ad lJower surfaccs
were paralie}). Approximalcly 9.905 ia. was ground frim each surface in this

(144 4+ 24

For the Suw-turned condition. twe cusital <-rajy 3pccimens wes~ 3ads up,

SR o, PRI Y

onc of lamn®nazicns taken fTomn tho Sular section of the as-received sheetl and Tne

of iaminations from the inncr sectr-u. The laminations. spproximately 8.915 in.

nm’\mﬂ

¥
- thick, wera »-gparea oy grindicg away the urwanted portivd uf the sheet thickcess E‘.

+» A ‘)-. -

- s - .-

. afte~ 322 ligitly grinding {nct more than B8.005 in. cf material) both surfaces to { I

. . i ) ‘;i'-::’

X make them paralicl. T3+ :r8ures of theve specimens tepresent the rage &.

e R ! ‘
Lt - textuses ia e suter Guarter and the inncr quarter of the total section thizkness. 3
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: 3. EXPLRIMENTAL RESULTS .

Thc intensily distribution of iho rzflections from {l za} planes was

obtained by the metnod described. using fillecTed ~opper radiation. Ths: datz

icr the four tonditions ~ znnealsd. cold-rolled, fioweturned suie? suriace

LIRS
y

. - A Y - .
anl flow-turncd inndr suriics - ooz prosentad in the form o({ :-’jpole tiguzes in

-
.
'

Chary
. N
e
"
[

Ficures 2, 3. $ 2nd 5 resseciively- Te facilitete (ks {odderisca of

iR
(-

¥

preierc-ed nrivniadions. the aumb.r of ntens:ty ranses availahic {romyitie

Lnhatar

exrerimental data hir been reduced for lacsc pole figurss.

Y.
.o
ot
.
.

With the excepi'on of tne ill-anncated naterial, sl the samples exhitil FA
A

distinct texturcs. Tie mill-2nnexlcd material, Figure Z, srows 3 slight

indication of a {180) {011} teminre. bat is ntherwise <issy & rzrdem. ior the

defermed malerial, the neacest idez} preferroed Sriontatings, hat ia. ke

u-guw“:”“'w
3

crystallographic plancs an? directicas which lie paraliel te k2 deformation

directica, are indicatad on cachof the pole figures. Theze textuTes are

summarized in Table It

(S laatt tanriag;
[}

. TABLE 3

»
T

Texiures Observe i In 3-3:123VC A Titaniwn Ai:sw Sheel %. .
- Shcct Crnerticn Principal Texture Jomponenis !; I.-,".‘
s o 35 3] ancealed - cezozmzialls rando WXEXTE -
- B

, Colg rolled {190; {or1]  (rpiyfnel

1
R - Flow turned ]
. L - .
s -3 (a} inner section {160y {011} 233892

%) outer section
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2 3. DISCUSSION .
:A ) 4.1 Comparisen of Textures .
. ,- The textures ebscrvad ia the d2formead titanium 2iioy are illastrated -
o ’ schcmaticzll " in Figure 6. 1 is scen that the (111} §3 125 'com,:::xcnl which is
y found in buth secticis of the flow-iurned sheet coninrms cn rotation throo™ -_
0% 15 2e (3123 {128} componeat Sour.d'in the ccl2-rolied .heet. The rermaining s
component of the cnld-rolled sheet textura, {100) [011), is ¢ component cf the ?"»‘_
texture of the ﬂon-—!ur:zc;i inner socticn. I dies not appear in the tellure of )-
the flow-turned cuter scclion which has coaly 3 single component. ‘_.
R
The relatisnships belwesn these textures suzgast that, although the flow- ’-—-

furning operatisn results 1a elonration of ide nerial in the axial direclion of
S G2 NS

the ¢yhwader withor! aady chinge in inlerral liameter, the principal distorticn -

of matetizl 13 iz the circumfereniizl direciion. In the outer sccticn, whith is

- | -

subjecied to tns greatest Jizicrdsn from he {low-tarning 2ool. a singalar texivre A
g
o is developrd., This texiur. iz ~gquivalend 20 Sne of (k¢ comPinznts which weuld v
A LN
'_' ..Q .-
o be sxpetind te resmt if ralling wers prrlorfaed in the circumferential directinn N
. -
< o . . 2

of thr cylindez.  The innsr sc-ii~n 15 less Jffccte § by the circunferestial L
- : aciie~ of the 101 2o! is {orred to tizngxle in the axizl direction of thae tyliander. . -
N 3§ Iz this seclion, 2 mixtare >f it cuwr-section tex iure 202 the texture cxpectcd L
7 .

T for rAing n the axisl Jirection 33 observed. The conclusion taat the flow-turnad »
ST .', ——
. DI Duier 3sclica iz subjesicl B the grcates!t écjlec of coxd-working i3 supportad by .
RO consideraticn of thi mcchxnic: «f e Soformation process 2nd by the fact that tac s
E outes setiing age hardins mory w2 dt; than the inncr-3cction. Thas latter .

.-
. ~r
.‘:_.
“‘i

\
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—_—
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ot

peint 3= iilusirated by the comparison showa s Figure 7 of the aging sesponse
&f Dowturnsd materisl. .In 2d3ition, ‘!be figure indicates tne gzeat.s? cvt:-xn-
aging response of flow-turned material.

Alough 5o $2t5 has besa repovied for the texture 37 flow-tursed matevials,

texture chser¥e i here for cold-rolisd B 120VT A titadivm alloy can be sarm-

in
It

~

rsred wilh $hat : coctzd (o7 other hody-center=3d cadic meqiv asd {or a heta-

titazign 2Moay. The characteristic rolling S2xture f=or body-rentezed cubic

o

metais is considercd’ 1o be that shown Dy iron, namely. {10C: {321]. {EiR}

§112} ena {2121 1270]. Table I chows thxicf thece zopozents, oaly the £300) - i<
) g
[S71] is eatiblied by the B-12CYCA sllor.  Recently, &xberct, ida ard Caibﬁ“’ £

kD)

»
v

v
%

id

repcried tho rolling texiure for T statle beia phase titasiom ailoy as {100] {icy]

and 13121 11001, It fe iTkely that tha l2lter comgonsnt ie 2 miapriee &or (182} o

t
LA N

L}
.
.

1810}, siace there 32 oo {300] tyTe direction in a {112} type plane. Even ag,

R
L)
s
v o

the texture i3 very difierent both from that foend iadrce and that chserved here

-w

{er R-32TVCA 2lloy- I1a the absence of details of the cempesitisn axf methode o
ased ip the work of Aloer: = ai., 2 {5 impoesidie v roscive tkege diiferences. 0%
$.2  Reizfionship Betreen Texturz st Meckazical Properties e

The oxtures of the —old-7ciied shee? 2ad the flew furscd inser gectinn . ok
. . . . .‘:‘.
{illuat: ated in Figures 3. % and 8} 32 soch that, on thy basis of textcrs alone. o

.
¢

A
L

the transverse prorwriies o the rolled muziest ol wsald be expecied 16 resembdle

", .
'
.

t
.l

the axaal (lonziiwdinel) prepssiles of the Sow-turned cylinder. Sirniiarly, e

m' o0e ranetoy
)i

icazitcSinal ;g orties of the thrzl should resembdle the circumferextial ..
Tropertizs of Uie flaw.trrnad inars-sedtion. 1n practice, zs shown in Figure 7, ;-
“ e

the §leld siromsths o7 hase iwe doformatios conditisas arx épproximalely tac =
R.

v:‘:-

..-‘u

N o
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sanie 2ied sre independent of dirvection of teziing. .

i the c2uc ef e oble~ secticn of thr Gow-1sroed rmareriad axdy the
{3213 {112} componcnt is ivendc ard the {330} {011} component iz 2basst. The -
atir is vzoally dominant in Yody-contete cubic roiling texiustes. Thuz.
=alisatrosy in reechanicll propertics which might be charpcieristic of the i! 11
11121 testeze siawid be obsorved in thic water-ssction.  In the Zmser-section and
% zeld-ralled shest where this cemponeel i3 a Cevondzzy one: 53 =ifects from

As is shown in Figare 7, e otlsr-xeclice dode

anisolropry ite eppaTent.
erhibit ich stronger proprrtiss in the circumfersxtial compared with tie

2%z} Miraclion. The cifect iz 3o atveng r.:-a:.*.: is s3ill apparen?, thesgd 10 a isgz=sr
ix2zt, ia lz3ts made on the extire shect Whitkazas. The vary icw vajue roted

irr the axial yioid stracgth in the outer secicn is cousiaeved o be spuricnl,

Cnly a single 123 v2s3 made, wheress ali 5ther osts were made in duplicate.

Fuseizs tesig of s conditicn =2 Teing made at Pralt and Whitoey Aircedfie.
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5. CONCLUIEONS ANE RECOMMENDATIOR:

1. The texture of the wall of a flow-turaed cylinder of B<I1EOVCA titasivms alicy-

difi2r 3 accross the wall thickness and &iffers fresy that ¢f c5id-rollzd sheet of

the same alioy. B . )

2. The textire of the inside sectisn of the wall is {:00) {0211, {338} {3231 =g

that of the outzide section is (181) {112]).

3- 'i'he texture of the col'-rolies sheet is £500) [eu-}, (a3 ifon. -

4. The 2ifferences between the mcc!u-ni-cal projperties of the :cl:i-rslie;i saset
3nd the flow-turnad material can be oxplaired in l-erms of the differenzes in
preferred orieriation. -

5. kK is recommended that a study be made of the nature of the defozmatios
invclved in fiow-turning 3nd also of the relationships between the deformadiea ard
the ieeuliling textare. in thiz way, it may be possible $o change the processing

variables, or maodify the process itszif, #o as to control the deformatios textusre

and produce desired mnechanical nreperties.
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